INTRODUCTION
CANDU reactors each contain several hundred zirconium-niobium pressure tubes. The zirconium-niobium alloy is prone to hydrogen (and deuterium) absorption, which can lead to the formation of brittle zirconium hydride platelets within the metal. These hydrides have caused a number of pressure tube leaks, and were the cause of a major failure in one early reactor. They have necessitated the retubing (or the scheduled retubing) of the earliest reactors at a cost of several hundred million dollars each.
A nondestructive method of measuring the hydride concentration in the metal would allow selective (rather than complete) retubing of the reactors, thus saving large amounts of money. No satisfactory nondestructive testing technique currently exists, so it is hoped that the work presented here shows an effect on which a technique might be based.
The maximum concentration of free hydrogen in the metallic lattice increases with temperature, and so as the alloy is heated up, the hydride dissolves. The temperature at which all the hydride has dissolved depends on the initial concentration of the hydride in the alloy, and thus if this temperature is known, the initial (room temperature) hydride concentration can be calculated.
It was thought that there might be a change in the material characteristics of the zircalloy at this transition temperature, which should show up as a change in ultrasonic velocity. So a method for measuring the through-transmission time for shear or longitudinal waves through the sample was devised. This works at temperatures up to 500 degrees Centigrade, using a pulsed laser as an ultrasound source, and a specially devised EMAT as a receiver.
DESIGN OF THE HIGH TEMPERATURE EMAT'S
The EMATs were developed to fulfil two criterion; firstly they had to operate close (0.5mm or less) to the zircalloy samples (which were heated up to 400 degrees centigrade), and secondly they had to minimise thermal gradients within the samples. (We were looking for a transition at a specific temperature; having a variation of temperatures throughout the sample thickness would smooth out any results). In earlier experiments, it was found that water-cooling the EMATs caused large thermal gradients which were unacceptable, and so EMATs were developed that could run at the same temperature as the samples. The EMATs used alcomaxIII magnets which are rated for use up to 550 degrees Centigrade, they give a much smaller magnetic field than the more commonly used neodinium-iron-boron magnets, but are adequate for this purpose. The EMAT and the sample were enclosed together within a brass housing to ensure that their temperatures were equal, thus reducing any thermal gradients within the sample. The coils presented considerable problems as no sufficiently thin wire (O.lmm) was readily available that had insulation capable of withstanding temperatures over 150 degrees C. This was solved by coating the wires with a high temperature ceramic. The longitudinal EMAT ( fig.1 ) used a coil linearly wound round a brass former. The Shear wave EMAT ( fig.2 ) used a pancake coil which was sensitive to radial shear waves, enabling both fast and slow shear waves to be detected simultaneously. (the zircalloy was acoustically birefringent).
EXPERIMENTAL METHOD
The experimental configuration was as in fig.3 , the laser was a Lumonics 'mini-Q' neodinium-YAG, Q-switched laser, delivering 4nS pulses of 1060nm I.R. radiation, at energies up to 120mJ. The laser beam was focused with a 17cm focal length lens through an aperture in the brass housing, onto the sample. The sample face was 30cm from the lens. The EMAT output, after preamplification, was digitised on a Data Precision oscilloscope, and after averaging, the waveform was transferred onto an IBM 30-286 computer and stored. The temperature of the sample was measured with a thermocouple attached directly to the sample face.
The apparatus was set up, and the furnace was heated up to 400 degrees C, and left for an hour to stabilise. The furnace was then switched off and allowed to cool slowly. Whilst the furnace was cooling, the measurements were taken. Cooling was preferred for the experiment as this gave a slow, even rate of temperature change, which could not be achieved on heating. The waveforms were analyzed on a computer, and the positions of the peaks were plotted with temperature.
RESULTS
A typical ultrasonic waveform is shown in fig.4 . The arrival times of the peaks were plotted against temperature, this is shown in figure 5 (sample with 60ppm hydride) and in figure 6 (unhydrided sample). It is clear that there is a change in gradient on the hydrided sample which is not present on the unhydrided sample. This was repeated for a number of samples with different room temperature hydride concentrations, and a graph of transition temperature against nominal hydride concentration is given in figure 7. This effect has so far only been observed with the shear wave measurments. Further experiments are needed looking at longitudinal waves, and are in progress.
The temperatures at which these gradient changes take place are consistent with results obtained by other workers in the field. It is to be noted that the gradient changes are due to velocity, rather than a thermal expansion changes. The thermal expansion of the zircalloy samples was measured with a dilatometer, a large change in thermal expansion was noted at the transition temperature for the samples, but this was still two orders of magnitude too low to account for the time of arrival changes.
It is interesting to note that the changes of velocity with temperature (gradients of the graphs) are considerably different between the slow and the fast shear waves (the slow shear waves exhibit a much steeper gradient than do the fast ones) . A pulsed laser and specially designed EMATs have been used to investigate the change in ultrasonic velocity with temperature, of both shear and longitudinal waves, through samples of zircalloy. This was done between room temperature and 400 degrees centigrade. The EMATs were developed to operate (uncooled) at up to 500 degrees Centigrade.
The shift in time of shear wave arrivals on cooling of the sample was used to show a phase transition in hydrided zircalloy samples, the temperature at which this transition occurred is consistent with previous results, and may be used to estimate the room temperature hydride concentration within the alloy. Nominal hydr ide concentrat ion (ppm) Fig.7 variation of transition temperature with hydride concentration,
